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ABSTRACT 22 
We performed four experiments to test whether or not native plants germinated with physical and 23 
chemical contact with crested wheatgrass (Agropyron cristatum (L.) Gaertn.), a grass species 24 
native to Eurasia which has been widely used for mine reclamation in North America. In our 25 
study area Butte, Montana, A. cristatum was planted on capped mine waste and, in many cases, 26 
has formed a monoculture with a large buildup of leaf litter. We found there to be a much higher 27 
mean litter depth on these lands when compared to wild grasslands. Leaf litter proved to be a 28 
significant barrier for the establishment of native plant species via natural process or restoration 29 
attempts. We performed four experiments to begin to build evidence that A. cristatum may not 30 
only constitute a physical barrier for natives via the excessive buildup of leaf litter but also 31 
exhibiting allelopathic traits. Our results showed strong evidence that A. cristatum is a severe 32 
limiting factor for the establishment of desired native species in our study area by creating a 33 
dense physical and/or chemical barrier. Based on our findings, we conclude the continued use of 34 
A. cristatum as a reclamation species in our study area is not advised. 35 
KEY WORDS 36 
Agropyron cristatum; allelopathy; bioassay; crested wheatgrass; ecological restoration; mine 37 
reclamation; species diversity. 38 
INTRODUCTION 39 
(See appendix A for species table) 40 
Crested wheatgrass [Agropyron cristatum (L.) Gaertn.] is one of the most widely planted non-41 
native grasses in the American West (Lesica & Deluca 1996). It is a C3 cool season bunchgrass 42 
native to Eurasia where it is considered a pioneer species and is typically found on loess soils 43 
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which are prone to natural disturbance (Király et al. 2009). In North America A. cristatum has a 44 
range that stretches from northern Canada all the way to Mexico, covering more than five million 45 
acres of rangeland (Grant-Hoffman et al. 2012). The large distribution of A. cristatum is 46 
attributed to its uses for livestock forage, soil conservation, mine reclamation, and road 47 
construction. Some of the largest expanses of land were seeded with A. cristatum during the Dust 48 
Bowl, a period marked by extreme soil loss that resulted from plowing the Great Plains and a 49 
subsequent, long-term drought (Lesica & Deluca 1996). After introduction, A. cristatum will 50 
dominate an area’s seedbank which allows it to persist and spread throughout native grasslands 51 
(Heidinga & Wilson 2002).  Our study area in Butte, Montana provides an example of the use 52 
and distribution of A. cristatum in an area known for its environmental degradation and 53 
successive efforts at restoration. 54 
Many of these restoration efforts can be traced throughout our study area. In recent years, the 55 
goal of these efforts shifted from simple grown cover and the ‘green-is-good’ mindset to a focus 56 
on the restoration of native plant diversity. In particular, one project installed over 50 native 57 
diversity dispersal islands in an attempt to provide a native seed source which would eventually 58 
disperse into the reclamation grasses, not the least of which is A. cristatum. Though many of 59 
these dispersal islands have survived on their own, there is little evidence of a dispersal of these 60 
species into A. cristatum dominated areas (Pal et al. 2016). Likewise, there are many other 61 
ecological restoration projects across Montana and the American West which are attempting to 62 
restore diversity to grasslands infested with A. cristatum (Bakker & Wilson 2004; Davies et al. 63 
2013; DiAllesandro et al. 2013; Fansler & Mangold 2010; Grant-Hoffman et al. 2012; Holechek 64 
et al. 1982, and Hulet et al. 2010). 65 
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Agropyron cristatum resists colonization from other species by better utilizing available soil 66 
recourses than some native species (Davis 2000; DiAllesandro et al. 2013; Dormaar et al. 1995). 67 
Studies show that A. cristatum also alters biotic soil conditions to both self-facilitate and also to 68 
facilitate other invasive species. This can lead to a dominance over native species by both A. 69 
cristatum and also other invasive species (Dormaar et al. 1995; Jordan et al. 2007; Perkins et al. 70 
2013; Perkins et al. 2011). Furthermore, species diversity and richness can be effected by the 71 
sheer size of A. cristatum as well as other invasive species which tend to be larger both above 72 
and below ground (Vaness 2014). Yet another mechanism that leads to domination for such 73 
impacts may occur via the effects of constitutive and induced biochemicals that are new to the 74 
non-native ranges and thus exert disproportionate allelopathic effects on native plant species; 75 
(Callaway & Aschehoug 2000; Callaway & Ridenour 2004; Inderjit et al. 2011a; Kim and Lee 76 
2011). This allelopathic effect may even affect native soil biota through antibiotic effects 77 
(Callaway et al. 2008). 78 
A thick Agropyron cristatum leaf litter has built up in our study area (Plate 1). Research shows 79 
that decomposers native to a region may have a harder time decomposing plant material from 80 
non-native plant species than ones native to the area (Mincheva et al. 2014). Our observations of 81 
the leaf litter led us to believe that it may also be having negative biological effects on native 82 
forb species commonly used for prairie restoration in our study area. Additionally, it has been 83 
shown that the strong intraspecific competition of A. cristatum can actually lead to increased 84 
bare ground, and erosion in the long term when compared to native grasslands (Lesica & Deluca 85 
1996; Dormaar et al. 1995). 86 
We hypothesize that A. cristatum leaf litter exhibits physical and/or allelopathic traits which limit 87 
the natural dispersal, germination rates and thus, the establishment of desired native species in 88 
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our study area. Specifically: (i) Native plant seeds which are dispersed on top of a thick layer of 89 
A. cristatum leaf litter will have less germination and growth success. (ii) Native plant seeds 90 
grown directly in contact with A. cristatum leaf litter or subjected to an aqueous extract will have 91 
less germination and growth success. (iii) Native plants planted in soils effected by A. cristatum 92 
will have lower germination rates and growth than those grown in soils not affected. 93 
MATERIALS AND METHODS  94 
Research Area 95 
In Butte, Montana, A. cristatum has been systematically used as a cover crop for mine 96 
reclamation of over 2.1 km2 of toxic waste rock and tailing started in 1988 and is still ongoing. 97 
Mine waste rock and tailings were graded to minimize erosion, capped with clean topsoil, and 98 
seeded (ROD 2006). These caps are referred to as evapotranspiration caps and intended to 99 
protect human health by keeping the toxic mine waste dry and in place (NRDP 2007). A. 100 
cristatum has been used extensively in seed mixes across the country despite years of scientific 101 
evidence showing that the species exerts negative impacts if species diversity is an eventual goal 102 
(DiAllesandro et al. 2013; Holechek et al. 1982; Lesica & Deluca 1996). Currently, these entirely 103 
human-made grassland areas are novel ecosystems built on top of waste rock (Grant-Hoffman et 104 
al. 2012; Jordan et al. 2008; Lesica & Deluca 1996) (Fig. 1).  105 
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 106 
Fig. 1. Location of our study area. The regional location showing the state of Montana and Silver 107 
Bow County Box (A). Box (B) shows the location of the study area within Silver Bow County. 108 
Box (C) is the city of Butte, Montana, reclaimed mine lands, and the Butte Priority Soils 109 
Operable Unit (BPSOU) boundary. Map credit: M. Mariano 110 
 111 
Mean Litter Depth Comparison 112 
Using a random-sample strategy, we took a total of 400 litter-depth measurements, split between 113 
A. cristatum and a control group. For A. cristatum, our measurements gave us the actual mean 114 
depth of leaf litter in our study area. We selected a control 1.5 km away from our study area. It 115 
was chosen because it is unmanaged, wild grassland and is in close proximity to our study area.  116 
The area is also free of A. cristatum. We took 200 litter depth measurements. A random number 117 
generator was used to choose a number from one through four, 200 times representing each 118 
sample. Each number represented a cardinal direction (1=N; 2=E; 3=S; 4=W). For each sample, 119 
the generator also provided a number from one to 50 which represented the number of steps the 120 
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recorder would take before placing the meter stick on the ground. If the recorder hit the boundary 121 
of a reclaimed area or road, the recorder turned around and walked the remaining steps in the 122 
opposite direction. We recorded the height of the deepest horizontal piece of senesced plant 123 
material from the ground surface at each sample station in cm at each location (Plate 2).  124 
Testing Litter Depth on Germination Success 125 
We filled 120 D40 (656 mL) pots with agricultural topsoil similar in source and structure to what 126 
is found on the mine waste caps in our study area. Forty pots were covered with leaf litter from 127 
A. cristatum, 40 pots were covered with leaf litter from Leymus cinereus, which we used as a 128 
native control species and 40 pots contained no litter layer and used as a control. The depth of 129 
the used litter (7.3 cm) was determined in the previous experiment (Plate 3). 130 
For the experiment two native grass Pseudorogenaria spicata and Koelaria macrantha as well as 131 
two forb species Boechera holboellii and Artemisia ludoviciana were chosen which do not 132 
require pre-germination treatments, and are regularly used in local native plant diversification 133 
projects. Ten seeds for each respective species were deposited onto the leaf litter in each pot and 134 
the seed application pots were placed in a climate controlled greenhouse. We set the temperature 135 
to 24° C during the day and 18° C at night as this was the usual temperature setting of the 136 
university greenhouse. All plants were watered twice a day for five minutes with an overhead, 137 
automated irrigation system using misting head sprinklers. After 14 days, when noteworthy 138 
germination was observed, we removed the litter and examined the pots for seedlings and 139 
recorded the totals. 140 
 141 
 142 
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 143 
Testing Litter Type in a Petri Dish Setting 144 
To determine differences in seed germination rates influenced by leaf litter from two grass 145 
species most commonly found in the restoration area, we performed a Petri dish experiment 146 
using four native species, three types of litter material, and a control with no litter material (Fig 147 
2). We used a mixture of artificial plastic Easter grass and cut up drinking straws to simulate the 148 
physical structure and potential physical barrier of grass litter (Fig 3.). 149 
 150 
Fig.2 Three litter types and control in Petri dishes 151 
 152 
Figure 3. Matching the structure of stems which was mixed into the Easter grass 153 
9 
 
This experiment consisted of two factors: (i) type of leaf litter (A. cristatum, L. cinereus, Easter 154 
grass, and no litter) and (ii) native response species (B. holboellii, A. ludoviciana, Koeleria 155 
macrantha, and Pseudoroegneria spicata) with ten replicates (4 x 4 x 10 = 160 Petri dishes). 156 
Twenty-five seeds were placed on 40g of clean sand in each of the 160 medium-sized Petri 157 
dishes. The sand was used as a growing substrate. One g of litter from each litter category was 158 
placed on top of the seeds. To reduce variability, each dish was then watered with 15 mL of 159 
water and sealed with Parafilm M sealing tape to prevent desiccation. Grow lights were set to a 160 
12 h on and 12 h off light regime for consistency. After ten days once it was determined that an 161 
accurate germination count could be made, the number of seeds which had germinated were 162 
counted for each dish to provide a preliminary germination rate in case some of the individuals 163 
died. Then, after five weeks when the plants began to fill out the dishes, we terminated the 164 
experiment, performed a final germination count, and measured above and below ground length. 165 
Testing Leachate Type in a medium sized Petri Dish Experiment 166 
We conducted a bioassay using aqueous extracts produced from the leaf litter of A. cristatum and 167 
L. cinereus to provide further test for the inhibitory effect of A. cristatum on the germination and 168 
growth of native plant species. This experiment consists of three factors: (i) fresh vs. dead litter, 169 
(ii) extract type (A. cristatum and L. cinereus), and (iii) native response species (B. holboellii, A. 170 
ludoviciana, K. macrantha, and P. spicata) with 10 replicates (2 x 2 x 4 x 10 = 160 Petri dishes). 171 
There were forty Petri dishes for the control with similar factors: (i) no litter, (ii) deionized 172 
water, (iii) native response species (B. holboellii, A. ludoviciana, K. macrantha, and P. spicata) 173 
with 10 replicates (1 x 1 x 4 x 10 = 40 Petri dishes). This part of the experiment resulted in 200 174 
Petri dishes total.  175 
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We tested extracts from “fresh” leaf litter of the litter grass species, which was obtained from the 176 
current year’s growth which was senesced, and from “old” leaf litter from previous year’s 177 
growth. This darker litter at the base of the plant has been deposited from previous year’s 178 
growth. Both types of leaf litter were collected for both species from areas not impacted by 179 
mining to use for control for the confounding factor of bioaccumulation of toxic chemicals. We 180 
washed the collected plant material with water and dried it for 48 hours in a drying oven set at 181 
30°C. Once dry, the leaf litter was ground into a powder using a Cuisinart DCG-20N grinder. We 182 
put 60 grams of each type of powder into 250ml conical flasks with 250 mL of deionized water 183 
and was shook by a Thermo Scientific MaxQ 4000 Shaker Incubator for 24 hours at a rate of 175 184 
motions/1minute, at room temperature (22-23 °C) (Plate 3). The resulting extract was first run 185 
through cotton balls to remove large debris and subsequently through Whatman # 5 filter paper 186 
twice. Deionized water was used on the test species to establish a control. This extraction 187 
procedure follows Filep et al. (2016) and Rua et al. (2008). 188 
This experiment was grown during the days surrounding the summer solstice so there was a 189 
natural 12 h on and 12 h off light. Each Petri dish received 40 g of sand and 25 seeds of each of 190 
the 4 native response species. Fifteen mL of each plant extract type was put into the Petri dishes 191 
and they were sealed with Parafilm M sealing tape to prevent desiccation. We placed the Petri 192 
dishes in a climate controlled greenhouse with temperature was set to 24° C during the day and 193 
18 °C at night.  194 
Germination counts were performed twice, first, after six days by counting the number of seeds 195 
per each dish that germinated. At 14 days, we harvested the dishes, took a secondary germination 196 
count, and measured radicle and plumule lengths for germinated seedlings. 197 
Long-term Effect of Leaf Litters in the Soil 198 
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We collected soil samples in the field from reclaimed lands within our study area. Three sets of 199 
soil samples were taken with regard to the level of establishment and ground cover of crested 200 
wheatgrass (A. cristatum). Areas with A. cristatum cover > 90% are categorized as “high,” areas 201 
with 40 - 75% cover are categorized as “medium,” and areas were A. cristatum is absent were 202 
categorized as “without.” We took soil samples from three different areas per each infestation 203 
category to help eliminate any bias stemming from differences in micro-habitat conditions. 204 
Samples were collected with a spade shovel from the surface and no deeper than 20 cm. We put 205 
the soil into D40 (656 mL) rocket pots. A control for each sample was treated with 2% activated 206 
carbon or 20mL/L of soil to negate any allelopathic effects. The amount of activated carbon used 207 
was derived from Inderjit (2003).  208 
This experiment was replicated 20 times per each infestation category with two test species of 209 
native origin: a grass P. spicata and a forb B. holboellii. Twelve tests for each category (high, 210 
medium, and without) contained untreated soil samples and eight contained soil treated with 211 
activated carbon (Plate 4).  212 
We grew these tests in a greenhouse with the same temperature and light settings as the previous 213 
experiments. The experiment was watered twice a day for five minutes. The plants were grown 214 
for 14 days and then harvested. The sample native plant individuals were separated by above and 215 
below ground growth and dried at 60 °C for three days. Both above and below ground biomass 216 
were weighed in grams. 217 
Statistical analyses 218 
Statistical analyses were performed in R, version 3.1.2 (R Development Core Team 2014). Litter 219 
depth measurement on the field was analyzed with Mann-Whitney U test after graphical 220 
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normality testing. The measured parameters for all experiments were analyzed with linear model 221 
(Chambers 1992) using the lm function. In our models the previously mentioned explanatory 222 
variables (litter type, native test species, activated carbon, litter extract type/age, and soil type) 223 
were treated as fixed factors. Log transformations were based on graphical evaluation according 224 
to Crawley (2014). For pair-wise comparisons, Tukey post-hoc tests were conducted in with 225 
multcomp-package (Hothorn et al. 2008) to compare the difference among all experimental set-226 
ups. 227 
RESULTS  228 
Mean Litter Depth Comparison 229 
The mean leaf litter buildup in the A. cristatum in the dominated reclaimed areas we tested was 230 
7.6 (± SEM) cm; whereas the mean leaf litter buildup in the control grassland was 2.1 (± SEM) 231 
cm (Mann-Whitney U test; z - value = -11.31; P < 0.001).  232 
 233 
 234 
 235 
 236 
 237 
Fig. 2. Boxplots of the mean leaf litter depths between reclaimed grasslands in our study area 238 
dominated by A. cristatum and a control grassland 1.5 km away from our study area (n = 400; P 239 
< 0.001). Different letters mean significant differences. 240 
 241 
 242 
 A 
  B 
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 243 
Table 1. List of the four experiments and their variables. Summary statistics for the linear model 244 
(df, F-value, and P) are given by variable for each experiment.  245 
 246 
  Germination 
  df F - value P 
Litter Type in Petri Dish       
Tested species 3 234.59 <0.001 
Donor of litter (Easter grass, Agrcri..) 3 36.51 <0.001 
Tested species : Donor of Litter 9 14.82 <0.001 
Leachate        
Tested species 3 42.8 <0.001 
Donor of litter 2 123.86 <0.001 
Litter viability (dead, fresh) 1 339.95 <0.001 
Tested species : Donor of Litter 6 9.8 <0.001 
Tested species : Litter viability  3 7.85 <0.001 
Donor of litter : Litter viability  1 4.95 0.027 
Tested species : Donor of Litter : Litter viability  3 3.62 0.014 
  Total biomass 
  df          F - value P 
Soil        
Tested species 1 17.95 <0.001 
Soil type 2 3.77 0.027 
Tested species : Soil type 2 0.11 0.894 
 247 
Testing Litter Depth on Germination Success  248 
The species of grass which we used for leaf litter, whether native or not, retarded germination 249 
and growth of our native response species (Table 2) yet, readily germinated in its own leaf litter 250 
(Table 3). This may be an evolved trait with grasses. However, as our field measurements 251 
suggest, we do not typically find large buildups of leaf litter in our native grasslands as we do 252 
with the non-native A. cristatum. A. cristatum had 17 total germinations and L. cinereus had 23. 253 
The control had no litter and thus, no seeds. 254 
 255 
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Table 2. Germination counts for the four native test species. The replication and results were too 256 
small to provide statistical power. The vast majority of the native test species’ seeds planted did 257 
not germinate however 70 total seeds grew in the control. A total germination count of native test 258 
species for each litter species is provided.  259 
  
Native Test Species   
Litter Species A. ludoviciana B. holboellii K. macrantha P. spicata Total 
A. cristatum 1 3 0 2 6 
L. cinereus 3 0 0 2 5 
Control (no litter) 31 11 25 3 70 
  260 
Table 2. Germination counts of incidental germination from seeds in the test litter. 261 
Litter Species Seedling number 
A. cristatum 17 
L. cinreus 23 
CONTROL 0 
 262 
 263 
Testing Leachate Type in a Petri Dish Experiment  264 
In all four test species in the Easter grass trial, total growth (length) was not significantly 265 
different from the control (Table 1). Of the native test species that were planted with A. cristatum 266 
leaf litter, A. ludoviciana and B. holboellii were significantly different from both the control and 267 
from the Easter grass (Fig. 3). All four native test species total growth was negatively affected by 268 
the A. cristatum litter. Of the four native test species, K. macrantha and B. holboellii were 269 
significantly different from the control (Fig. 3), A. ludoviciana responded positively, but not 270 
significantly to the Easter grass and L. cinereus litter compared to its control, but was 271 
significantly different from and negatively impacted by the A. cristatum litter (Tukey test: t -272 
value = 5.87; P = <0.01). K. macrantha responded positively, but not significantly to the Easter 273 
grass and significantly negatively to both test litter species. The only significant difference was 274 
the negative impact L. cinereus litter had on K. macrantha (Tukey test: t -value = -5.67, P = 275 
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<0.01). B. holboellii had a slightly positive response to the Easter grass and a negative response 276 
to both A. cristatum and L. cinereus (Tukey test: t -value = -0.51, P = 1; t-value = 7.02, P = 277 
<0.01; t-value = -5.84, P = <0.01). Overall, the Easter grass seemed to provide a good control 278 
and both litter species negatively affected the native test species (Fig. 3).  279 
 280 
Fig. 3. Deviation of total growth (%) from the control of for four native test species and three 281 
types of test litter. Error bars represent +/- SE. Asterisks show significant differences (P < 0.05) 282 
between each litter type treatment and their own control. Lower-case letters show significant 283 
differences (P < 0.05) among the native test species as a result of the litter type, according to the 284 
Tukey test results. 285 
 286 
Testing Leachate Type in a Petri Dish Experiment 287 
There was an obvious and significant difference between how the leachate from the fresh litter 288 
and the old litter effected the native test species’ mean germination counts. All four test species 289 
showed significantly negative differences from the control for both types of leachate in the fresh 290 
litter category (Table 1). There were significant differences between the fresh and old litter 291 
category for each of the four native test species respectively (Table 1). However, there was no 292 
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significant difference in mean germination for each of the four test species between the two test 293 
litter species (A. cristatum and L. cinereus) in either the fresh litter or, the dead litter category. In 294 
the dead litter category, only B. holboellii and P. spicata were significantly different from the 295 
control (Tukey test: t -value = 7.60, P = <0.01; t -value = 4.27, P = <0.01; t -value = 7.60, P = 296 
<0.01). In the dead litter category, A. ludoviciana showed negative response to both litter 297 
treatments when compared to the control and K. macrantha showed a positive response to the 298 
treatments however, these results were not significantly different from the control (Fig. 4).  299 
 300 
Fig. 4. Deviation of mean germination count (%) from the control of four native test species and 301 
two types of test litter with both fresh and dead categories. Error bars represent +/- SE. Asterisks 302 
show significant differences (P < 0.05) between litter type treatment and the control. Lower-case 303 
letters show significant differences (P < 0.05) between the native test species as a result of the 304 
litter type. 305 
 306 
Long-term Effect of Leaf Litters in the Soil 307 
There was no significant differences in the total biomass for the two native test species between 308 
the two soil type categories (Table 1.) The results from both native test species which were 309 
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grown in soil treated with activated carbon were not significantly different from each other 310 
except in the case of B. holboellii grown in Medium soil with AC (Tukey test: t -value = 1.90; P 311 
= 0.40391). 312 
 313 
Fig. 5. Total biomass (g) of the two native test species grown in three soil categories refereeing 314 
to the level of A. cristatum infestation: Without; Medium; High. Hashed bars represent soil 315 
treated with activated carbon (AC). Error bars represent +/- SE. Lower-case letters show 316 
significant differences (P < 0.05) between the native test species as a result of the soil type. 317 
 318 
DISCUSSION 319 
The significant difference in the mean leaf litter buildup between the reclaimed grassland in our 320 
study area and the control grassland has implications for each one of our experiments. We can 321 
conclude that despite the presence of any physical/chemical barrier, plants in the control 322 
grassland would be subject to less leaf litter buildup from grasses overall. We used either the 323 
mean depth of A. cristatum litter (litter depth experiment) or equal doses of litter/leachate (Petri 324 
dish experiments) to test both an exotic and a native species’ leaf litter in all but one of our 325 
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experiments. While this works to test our hypothesis, it does not reflect natural conditions 326 
because as we have shown, there is a significant difference in litter buildup between the control 327 
and study area grassland. Research regarding the specific buildup of A. cristatum leaf litter was 328 
non-existent. However, there’s some work showing that A. cristatum does produce more biomass 329 
on average than some native grasses which would result in increased leaf litter (Vaness & 330 
Wilson 2008). 331 
Litter Depth  332 
The litter depth experiment provided some surprising results. The vast majority of samples from 333 
our four native test species were unable to germinate. However, seeds from the litter test species, 334 
were present in the litter mixture and they readily germinated. Baker et al. (2010) also showed 335 
evidence of this phenomenon in the case of Pinus radiata. It is important to consider that we 336 
used the mean 7.6 cm depth measurement from the A. cristatum grasslands and used it for both 337 
litter test species in this experiment.  338 
Litter Type  339 
The Easter grass proved to provide an effective control as it was not significantly different from 340 
the control with no litter cover. This also shows that the native test species had no problems 341 
germinating and growing underneath and/or around something that resembles the structure of the 342 
test litter. Seeds in the litter depth experiment were deposited on top of the litter and in most 343 
cases, did not get access to the soil in the bottom of the pot. Many plant seeds require contact 344 
with soil to become hydrated and thus, germinate (Hunter and Erickson 1952). However, in the 345 
Petri dish, the seeds were deposited on top of sand and then the litter was placed on top. 346 
Therefore, they had access to soil and germinated at rates comparable to those grown in Petri 347 
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dishes with nothing added. By contrast, both the A. cristatum and L. cinereus litter negatively 348 
affected the total growth for two of the four native test species. This suggests that both the native 349 
and the non-native grass species’ effect native plant growth though it is still not entirely clear 350 
why. We did observe during harvest, much more mold and decomposition in the L. cinereus 351 
treatments. Mincheva et al. 2014 showed that decomposers are better adapted to metabolize 352 
species which they have evolved with. This increased decomposition of the native leaf litter in 353 
the Petri dish may have been a confounding factor and may have negatively affected the growth 354 
of our native test species. Also, this experiment used the same amount of litter for both the native 355 
and non-native species, while we have shown that there is significant differences in the amount 356 
of accumulated leaf litter in our control grassland. 357 
Leachate Petri Dish Experiment 358 
It has been well established that allelopathic chemicals breakdown in the environment over time 359 
(Brückner and Szabó 2001, Filep et al. 2016). Our results show that the native test species 360 
germinated at the same rates when hydrated with a leachate made from the dead litter of both test 361 
species as they did when hydrated with the same amount leachate made from the fresh litter. 362 
Thus, we can conclude that the old litter had less of an effect on the native test species than did 363 
the fresh litter. However, the leachates made from the fresh leaf litter of both the native and the 364 
exotic litter species had significantly negative effects on all four native test species’ mean 365 
germination rates. 366 
Similarly to the litter type Petri dish experiment, we observed much more mold in the Petri 367 
dishes treated with the L. cinereus leachate. We attribute this additional mold growth to L. 368 
cinereus having more natural pathogens and decomposers present here in its native range. This 369 
may be effecting the growth and germination of the native test species in the Petri dish 370 
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environment. Also, similar to the litter type Petri dish experiment, the native species were treated 371 
with an equal dose of leachate from both the native and non-native species. Our field 372 
measurements may mean that under natural conditions, there would be much less leaf litter 373 
present in a naturally occurring grassland. 374 
Soil Experiment 375 
The results of this experiment were disappointing at first as the different soil infestation 376 
categories didn’t seem to show any significant difference effect on the native test species. Our 377 
study area was also planted with other non-native grass species which provides a confounding 378 
factor. Soil samples taken from areas not invaded by A. cristatum contained other non-native 379 
reclamation species such as Festuca ovina and Bromus inermis which may present their own 380 
ecological effects. Another explanation is that the soil for this experiment was collected in the 381 
spring before the grasses had put on much growth. We observed that the old litter had a 382 
significantly less negative effect on our native test species than newer fresh litter. At the time of 383 
collection, the leaf litter present was an average of five months old which could have given the 384 
microbes time to metabolize any allelochemicals present in the soil, which Inderjit et al. (2011) 385 
show can begin within a matter of hours (Inderjit et al. 2011). 386 
 387 
CONCLUSIONS 388 
Our experiments showed strong evidence that our hypothesis was correct and that A. cristatum is 389 
a severe limiting factor for the establishment of desired native species in our study area. Native 390 
plant seeds which are dispersed on top of a thick layer of A. cristatum leaf had less germination 391 
and growth success. Additionally, native plant seeds grown directly in contact with A. cristatum 392 
21 
 
leaf litter or subjected to an aqueous extract had lower germination rates and less growth success. 393 
Leymus cinereus, a native reclamation grass species also had similar negative effects on our 394 
native test species. However, as we have shown with our field measurements, less leaf litter 395 
tends to build in our control grassland. Thus, native plants in those control systems are subject to 396 
an average of 5.5 cm less leaf litter buildup on average. Native species planted in soils impacted 397 
by A. cristatum were not effected in our experiments but that can be explained by confounding 398 
factors and the time of year of soil collection discussed earlier. Based on our results from 399 
multiple levels the continued use of A. cristatum as a reclamation species in our study area is ill 400 
advised. 401 
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Plates 413 
 414 
Plate 1. Shows the substantial buildup of A. cristatum leaf litter in our study area. 415 
 416 
Plate 2. A measurement is taken in our study area with a meter stick along a path determined by 417 
a random number generator. 418 
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 419 
Plate 3. Litter depth experiment grown in D-40 pots in a greenhouse. 420 
 421 
Plate 4. Leachates being shaken for 24 hours in a laboratory shaker. 422 
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 423 
Plate 5. Test species grown in soils from our study area. 424 
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Appendix  523 
Scientific Name Common Name 
Agropyron cristatum crested wheatgrass (non-native) 
Leymus cinereus Great Basin wildrye (native) 
  
Artemisia ludoviciana silver/white sage 
Boechera holboellii Holboell's rockcress 
Koelaria macrantha prairie junegrass 
Pseudorogenaria 
spicata bluebunch wheatgrass 
 524 
Appendix A. Conversion table for scientific/common names 525 
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